Universal salt iodization (USI) was adopted in Madagascar in 1995 within the framework of a worldwide policy to eliminate iodine deficiency disorders. Despite early USI adoption, there are no representative data on the iodine status of the Malagasy population.
containing WRA were collected to measure urinary iodine concentration (UIC) and to assess household salt iodine content. Data from 1,721 WRA in 1,128 households were collected and analysed. The national median UIC was 46 μg L −1 (interquartile range ). Iodine status was significantly lower among women from low socioeconomic households. Madagascar's USI program needs to be revitalized. Implementing strategies to provide adequately iodized salt and enhancing iodized salt legislation to prevent severe complications resulting from iodine deficiency in the Malagasy population are essential.
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| INTRODUCTION
Nutrition is an important determinant of health and human development, and undernutrition accounts for 45% of all child deaths worldwide (Black et al., 2013) . Inadequate food intake has always played an essential role in malnutrition (Bhutta, 2008) , encompassing both macronutrients and micronutrients. Globally, the three most common forms of malnutrition resulting from micronutrient deficiency are iron, vitamin A, and iodine deficiency, which together affect at least one third of the world's population, mainly those from low-income countries (Allen, de Benoist, Dary, & Hurrell, 2011) .
Iodine is an essential trace element that is required for normal thyroid function. It is therefore critical to the production and regulation of thyroxin and triiodothyronine, two important growth hormones. Clinical and subclinical manifestations of iodine deficiency are called iodine deficiency disorders (IDD) . Iodine deficiency in utero and in early childhood impairs brain development and leads to reduced intellectual potential (Bath, Steer, Golding, Emmett, & Rayman, 2013; Zimmermann & Boelaert, 2015; Zimmermann et al., 2006) . The World Health Organization (WHO) recommends universal salt iodization (USI), which is iodization of all salt for human and animal consumption, as the preferred strategy for controlling IDD. USI is a relatively inexpensive and easy to implement, and it has been one of the most successful nutritional interventions in the past 30 years (Allen et al., 2011) . The iodine status of a population is determined based on the urinary iodine concentration (UIC) from spot urine samples collected in a representative sample, with the median UIC compared against global reference values (WHO, UNICEF, & ICCIDD, 2007) . The UIC of a group is considered to be a valid biomarker of the iodine nutrition status of a population because the daily excretion of iodine closely reflects the population's iodine intake (Ristic-Medic et al., 2009; Zimmermann, Jooste, & Pandav, 2008 (Jooste, 2014) .
In Madagascar, salt production is sufficient to meet the domestic consumption demand. There are three main sources of salt: one large scale producer located in the north of the country who produces most of the local salt (40-50%) using industrial iodization processes; about eight medium scales enterprises located in the mid-western region, which supplies 30-35% of the salt in Madagascar; and over a 100 small producers in the south who supply 20-25% of the salt. Salt from the last two sources might not be adequately iodized (Jooste, 2014) .
Despite the national legislation, political instability in Madagascar has hampered enforcement of this legislation, and there is no functioning system for licencing of salt producers. UIC surveillance efforts ceased in the 2000s.
The present study was conducted on women of reproductive age (WRA) to assess the iodine status of the Malagasy population and the availability of iodized salt at household level with WRA, with the ultimate aim to inform USI policy and program in Madagascar and beyond.
2 | METHODS
| Study design and sampling
We conducted a nationally representative survey from November 2015 to January 2016 using a stratified two-stage cluster sampling method. The target population was WRA (15-49 years), who resided and were present in the selected households at the time of the survey.
If a selected household had more than one WRA, they were all invited to participate in the study. Women who had their menstrual periods at the time of the survey were not included. Because the availability of iodized salt at household level could have an impact on iodine intake and iodine status, the country was divided into three strata according to the proportion of households with adequately iodized salt in the last Demographic and Health Survey (DHS; INSTAT, 2010) , which used rapid test kits (RTKs) to assess the iodine level in the household salt. Stratum 1 included areas where less than 20% of households had access to adequately iodized salt; Stratum 2 included areas where 20% to 60% of households had access to adequately iodized salt; and Stratum 3 included areas where the proportion of households with adequately iodized salt is more than 60% (Figure 1 ).
A two-stage cluster sampling was performed. In the first stage, 30 villages were selected from within each stratum (90 villages in total) with a probability that was proportionate to size. In the second stage, households were selected in each village by systematic random sampling using a list of households obtained from the village chief. Within a household, all WRA were enrolled. The sample size for this survey was estimated based on a precision of 5% at the national and strata levels, an expected prevalence of iodine deficiency of 20%, and a design effect of two. The sample size was at least 1,476 (492 in each stratum 
Key messages
• The national median urinary iodine concentration was
, indicating a moderate iodine deficiency.
• This moderate iodine deficiency seemed to be linked to a low percentage of households with adequately iodized salt, with only 26% of households with women reproductive age using adequately iodized salt.
• The universal salt iodization program in Madagascar needs to be revitalized. It is essential to provide adequately iodized salt to prevent severe complications resulting from iodine deficiency in the Malagasy population.
For each woman who met the inclusion criteria, questionnaires were administered to collect data on individual characteristics (e.g., date of birth, level of education, and occupation), household characteristics (e.g., number of inhabitants and household assets), as well as data on cooking salt (e.g., availability of salt, type of salt, place of purchase, and storage conditions). All data were collected using tablets, and daily quality checks were performed by supervisors.
| Analysis

| Urine sampling and analysis
A casual urine sample (20 ml) was collected from each participant in a clean and sterile, prelabelled, and tightly capped vial. For women who could not remember her last menstrual period, an additional 5-ml urine sample was collected for a pregnancy test as it has been shown that UIC varies with physiological status (WHO et al., 2007) . All samples were stored at room temperature in the field for a maximum of 5 days and were then sent to the Laboratory of Food Hygiene and Environment at the Institut Pasteur de Madagascar where they were stored at −20°C until they were analysed.
At the Institut Pasteur de Madagascar laboratory, the UIC was measured using a modified microplate method. This method involves the digestion of the sample using ammonium persulfate (Dunn et al., 1993) followed by the colorimetric determination through the Sandell-Kolthoff reaction using 96-well plates and an absorbance reader at 405 nm.
| Salt analysis
Salt samples (30-50 g) were collected from the salt used for meal preparation from each household that had WRA who were included in the survey. If the household used several types of salt (e.g., fine
and coarse), samples of each salt type were collected. These cooking salts were packed in small sachets and sent to the Nutrition Laboratory of the Ministry of Public Health, Madagascar, for determination of their iodine content.
The iodine content was quantified using the iodometric titration method (Mannar & Dunn, 1995) . 
| External quality control
| Case definitions
We used the WHO criteria on median UIC in μg L −1 to classify iodine status according to the physiological status of the women (WHO et al., 2007) . The population of non-pregnant and nonlactating women was classified using the median UIC as follows:
, and ≥300 μg L −1 (excessive). Deficiency in pregnant women was classified according to the median UIC as follows:
(more than adequate), and ≥500 μg L −1 (excessive). For the population of lactating women, an UIC < 100 μg L −1 was considered FIGURE 1 Black dot: Villages included in the survey; very light grey area: Stratum 1 included areas where the proportion of households had less than 20% adequately iodized salt; medium light grey area: Stratum 2 was comprised of areas where the proportion of households with adequately iodized salt was between 20% and 60%; dark grey area: Sstratum 3 included areas where the proportion of households with adequately iodized salt were >60% to be deficient, and an UIC ≥100 μg L −1 was considered to be adequate. At the subject level, because of a lack of internationally recognized UIC cut-offs in individuals, we used the same cut-off as that of the population level to categorize subjects with UIC less than the required values. For pregnant women, we used a UIC threshold of 150 μg L −1 ; for the other group (lactating women and nonlactating and non-pregnant women), the UIC cut-off was 100 μg L −1 .
Adequately iodized salt was defined as salt with an iodine concentration ≥15 mg kg −1 . If the household provided more than one type of salt sample, the sample with the higher value of iodine content was used for the statistical analysis.
| Data management and statistical analysis
Data were collected on tablets and were entered directly into an Access database during the interview. Data analysis was performed using R software (Team, 2008) . Data on household characteristics and assets were used to derive an index of household wealth (Filmer & Pritchett, 2001 ). We defined five wealth quintiles with the first quintile representing the poorest segment and the fifth quintile representing the wealthiest segment of the sampled household.
It has been shown that UIC is not normally distributed (Kolmogorov-Smirnov test). Therefore, non-parametric tests were performed.
UIC and salt iodine content were expressed as the median and/or percentage using the categorizations defined above. Median and interquartile range (IQR) values of UIC were calculated based on women's physiological status (pregnant, lactating, or nonlactating and non-pregnant), strata (Stratum 1, Stratum 2, and Stratum 3), household wealth index, and access to adequately iodized salt.
All analyses took into account the sampling design (stratification, clustering, and unequal probabilities of selection) using the survey R package. Median of iodine concentration was compared by groups using the non-parametric Mann-Whitney U test for two groups and the Kruskal-Wallis test for more than two groups.
Multivariate logistic regression analysis was performed to identify risk factors associated with UIC value <100 μg L −1 (<150 μg L −1 for pregnant women).
Bivariate analysis was used to identify the explanatory variables that were included in the multivariate analysis. Explanatory variables with a p value <0.2 were included in the multivariate analysis. A backward logistic regression was performed to obtain the final model and the variables associated with a UIC value <100 μg L −1 .
| Ethical clearance
The survey protocol was approved by the Ethics Committee of the The proportion of women who had income-generating activities was 82.7%, whereas 17.3% did not have income-generating activities. ) in Stratum 3. ) for those who had at least 1 year in secondary, and 40 μg L −1 (IQR, 14-67 μg L −1 ) for women who had a high school education (Table 3) . b Stratum 1 is the stratum with a low proportion of households that had adequately iodized salt; Stratum 2 is the stratum with a medium proportion of households with adequately iodized salt; and Stratum 3 is the stratum with a high proportion of households using adequately iodized salt. In the overall sample, the median iodine concentration of salt in household containing WRA was 10 mg kg −1 (IQR, 6.3-15.8 mg kg
| UIC by physiological status
−1
).
The distribution of salt iodine content varied between stratum (p = 10
), with a median of 7.9 mg kg −1 in Stratum 1 (IQR, 5. 
| Association between median UIC and adequacy of salt iodine content
The study results showed significant differences in the median UIC according to access to adequately iodized salt (p = 0.002). The median UIC of women from households that used adequately iodized salt was
for women in households with inadequately iodized salt.
At the stratum level, we found significant differences in median UIC based on access to adequately iodized salt (p = 0.02) in Stratum 3.5 | Association between subject-level iodine status and living environment, sociodemographic factors, and salt iodine content adequacy
The multivariate analysis shows that household wealth quintiles and salt iodine adequacy were associated with an occurrence of UIC < 100 μg L −1 for non-pregnant women and <150 μg L −1 for pregnant women (Table 5 ). The odds of women from household using inadequately iodized salt having UIC < 100 μg L . This denotes an urgent public health problem because it presents a subsequent risk of impaired fetal development (Bath et al., 2013; Bougma, Aboud, Harding, & Marquis, 2013) . Our study highlighted that the poor iodine status of Malagasy population is partly explained by the low availability and use of adequately iodized salt at household level. The proportion of households with WRA using adequately iodized salt was 26.2% (95% CI Adequately iodized was defined as containing ≥15 mg kg −1 of iodine; %, percentages weighted for unequal probability of selection.
b Confidence interval, calculated taking into account the complex sampling design. Chi-square p value not taking into account of the category of rock salt.
d Chi-square p value not taking into account of the category of paper as a storage method for the household salt.
reading score at 9 years of age (Bath et al., 2013) . Additionally, in moderate-to-severely iodine-deficient areas, controlled studies have demonstrated that iodine supplementation before or during early pregnancy generally increases developmental scores in young children by 10-20% (Zimmermann, 2012) .
We found that only one-quarter (26.2%) of households with WRA had access to adequately iodized salt and that the median salt iodine concentration was 10 mg kg −1 , which is below the recommended level of 15 mg kg −1 National legislation defining the national norms for salt iodization exists in Madagascar. However, our results indicate to that the USI program is not effective and that it needs to be revitalized.
As found in other studies (Ategbo, Sankar, Schultink, van der Haar, & Pandav, 2008; Ghattas et al., 2015; Rohner et al., 2016) , the iodine status in Madagascar appears to be partly associated with the salt iodine content at the household level.
| Implications for USI program in and beyond Madagascar
The analyses at individual level noted that women from households with inadequately iodized salt and those from poor households are more likely to have an UIC < 100 μg L −1 . The association of UIC with household wealth might be linked to the place where household cooking salt is purchased. We found that the place where salt is purchased differs according to the household wealth index, and 56.8% of those who purchased their salt in grocery stores were from the two wealthiest categories. A higher household wealth index score might represent more diverse food choices. Additionally, we found an inequity in access to adequately iodized salt, with 41% of the wealthiest households having adequately iodized salt versus 7% for the poorest households. Other studies associate this inequity to salt availability and affordability (Knowles et al., 2017) . Our study showed that there were disparities in salt iodine concentration between strata. Strata 1 and 2, located respectively in the south and mid-western region, had lower proportion of household with adequately iodized salt (respectively 15.5% and 18%) compared with Stratum 3. Strata 1 and 2 are mainly supplied by medium and small producers with low capacity to iodized salt, whereas Stratum 3 is supplied by the large-scale salt producer located in the northern part of the country. Our results highlight the importance of assuring the universal coverage of adequately iodized salt in all categories of the population because this might result in much greater equity in iodine status at the population level. In addition, our results call for urgent implementation of a strategy to support mediumand small-scale producers improve their capacity to increase production of adequately iodized salt. Such strategy may include technical assistance with expertise in iodization best practices, building capacity on iodization technology, establishment of a clear quality control mechanism primarily focusing on parameters at the salt production point.
Households' practices such as salt storage method and place of purchase were associated with the presence of adequately iodized salt in the households. We found that salt samples kept in their original packaging had on average less iodine than those kept in covered containers. Salt stored in its original packaging might be exposed to sunlight, dust, moisture, or heat, which may result in loss of iodine (Kapil, Prakash, & Nayar, 1998; Waszkowiak & Szymandera, 2008) . It is important to ensure that good-quality iodized salt is available in retail shops especially grocery stores given that the majority of household gets their salt from those stores. 
| USI program monitoring
| Study strength and limitations
One of the strengths of this study is that the iodine status was assessed in WRA a more vulnerable group than school-aged children usually sampled in USI surveys. In addition, our study included both the impact and monitoring of UIS indicators (WHO et al., 2007) , and we were able to assess the association between the quality of household salt and the iodine status of WRA within these households.
Another limitation is that we used the UIC median cut-offs to classify women having UIC < 100 μg L −1 group. UIC obtained from a single spot measurement is associated with large intraindividual variation, making it unsuitable for use at the individual level (Konig, Andersson, Hotz, Aeberli, & Zimmermann, 2011) . However, the use of a large sample size (100 to 500 per subgroups) may compensate for the bias related to the use of only one casual urine sample (Andersen, Karmisholt, Pedersen, & Laurberg, 2008) .
During the external quality control, we found a moderate correlation between the UIC measured with the in-country technique and the reference. Similarly, a low concordance was observed for the measurement of the salt iodine concentration. The reference laboratory used a much more sensitive method for the analysis of iodine in salt, and this probably contributed to the observed difference. Nevertheless, in all cases, the values are low, and the public health decisions were the same.
One of the limitations of this study was that we did not collect salt samples from all households but only from household containing WRA; thus, our results about salt iodine content are not representative of all households.
Iodine deficiency during pregnancy has detrimental consequences on the fetus. Pregnant women therefore represent the most vulnerable group to iodine deficiency. The number of pregnant women (n = 170) included in our study was less than the minimum required sample size of 300 (WHO et al., 2007) . Because of the limited sample size, our results on UIC among pregnant women should be interpreted with caution.
In conclusion, the median UIC in our study suggests that the population in Madagascar faces moderate iodine deficiency, which is linked to a low percentage of households with access to adequately iodized salt as supported by the association between salt iodine adequacy and UIC at individual level. From program standpoint, the low proportion of household containing WRA with access to adequately iodized salt indicates that the country has not yet achieved USI and that effort needs to revitalize the program. It is important to ensure the supply of quality iodized salt for all households by developing the regulatory capacity in salt producers. To maintain an effective USI program over the long term, it is important to set up a system that coordinates and monitors the production of a quality iodized salt.
Communications should be performed and should be considered as an integral part of the production and the development of regulatory strategies. Communications should be focused on the benefit of consuming iodized salt and the recommended method of salt storage.
